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Abstract. Glycosylation constitutes one of the most
important posttranslational modifications employed
by biological systems to modulate protein biophysical
properties. Due to the direct biochemical and bio-
medical implications of achieving control over protein
stability and function by chemical means, there has
been great interest in recent years towards the
development of chemical strategies for protein glyco-
sylation. Since current knowledge about glycoprotein
biophysics has been mainly derived from the study of
naturally glycosylated proteins, chemical glycosyla-

tion provides novel insights into its mechanistic
understanding by affording control over glycosylation
parameters. This review presents a survey of the
effects that natural and chemical glycosylation have
on the fundamental biophysical properties of proteins
(structure, dynamics, stability, and function). This is
complemented by a mechanistic discussion of how
glycans achieve such effects and discussion of the
implications of employing chemical glycosylation as a
tool to exert control over protein biophysical proper-
ties within biochemical and biomedical applications.
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Introduction

Through the use of posttranslational modifications
(e.g., phosphorylation, methylation), biological sys-
tems have managed to naturally evolve effective
chemical strategies for the modulation of protein
biophysical properties [1, 2]. Of these, glycosylation is
one of the most common (>50% of all proteins are
estimated to be glycosylated [3]) and important ones,
as it serves to modulate a variety of biochemical
processes, both at the cellular and protein level
(Table 1) [4 – 16]. Accordingly, there is great interest

in understanding the fundamental aspects of glyco-
protein biophysics [17] due to the possible biochem-
ical and biomedical implications involved in tailoring
protein properties through engineered glycosylation
[18]. In vivo, natural protein glycosylation occurs
through enzymatic processes regulated by both gly-
cosyltransferases and glycosidases [19]. This leads to
the biosynthesis of highly complex mixtures of heter-
ogeneously glycosylated proteins whose isoforms can
contain variations not only in the amount, size, and
charge state of the attached glycans but also in their
regio- and stereo-chemistry [20]. Since control over
the resulting glycan structural and spatial arrange-
ment is believed to be one of the biggest challenges to
the study and biomedical employment of glycopro-* Corresponding authors.
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teins [18], a multitude of alternative synthetic meth-
ods (e.g., chemoenzymatic and chemical) have been
developed in recent years for the production of
chemically glycosylated proteins [21 –30]. However,
most of the scientific insights concerning the effects of
glycans on protein biophysics have been derived from
the study of natural glycoproteins [31]. Although
these studies have provided key insights on which
protein properties can be modulated by glycosylation,
further mechanistic understanding of the fundamental
aspects of glycoprotein biophysics demands a detailed
study of the influence that the glycosylation param-
eters (e.g., degree of glycosylation, glycan size) have
on the properties of glycoproteins. This can be
achieved through the use of chemical glycosylation
[30, 32]. In this review, we present a survey of the
effects of natural and chemical glycosylation on
biophysical properties of proteins with emphasis on
the changes caused by variations in glycosylation
parameters. Additionally, we present some recent
examples of how chemical glycosylation can be
employed as a tool to control protein biophysical
properties within biochemical and biomedical appli-
cations. In closing, we discuss how other biochemically
and biomedically relevant chemical modifications
(e.g., PEGylation) can affect protein biophysical
properties.

Modulation of protein biophysical properties by
glycosylation

Influence of glycosylation on protein structure and
structural dynamics
The first observations of the presence of carbohydrate
molecules in protein preparations can be traced as far
back as 1888 to the work of Hammarsten on mucins
[33] and 1929 to the work of Rimington on serum
globulins [34]. However, the definitive nature of
glycosylated proteins was not conclusively confirmed
until the pioneering work of Albert Neuberger on
ovalbumin (1938) [35, 36]. While subsequent studies

attempted to structurally study glycoproteins by both
chemical and spectroscopic methods [37 – 39], it was
not until a series of studies performed on the
submaxillary mucins by the Gerken research group
(1986 – 1989) that the first detailed biophysical reports
on the solution structural behavior of glycoproteins
became available [40 – 43]. The primary purpose of
these studies was to derive information on the effects
of natural O-linked glycosylation on the structure and
conformational dynamics of glycoproteins by compar-
ing the nuclear magnetic resonance (NMR) relaxation
behavior of native and sequentially deglycosylated
submaxillary mucins [43]. From these studies it was
concluded that glycosylation could decrease the
structural mobility of the protein not only at the
glycosylated residues but also at residues remote from
the glycosylation sites without altering the overall
structure [43]; a surprising conclusion due to the
structurally complex nature of these proteins [mucins
are composed of large molecular weight multimers
(Mw 105–107)] [44].
These initial results were later complemented by those
of Dwek and collaborators using ribonuclease
(RNase) [45 – 47]. A series of comparative NMR-
derived structural studies between non-glycosylated
RNase A and its naturally glycosylated isoform
RNase B were performed based on the preceding
studies performed by Puett on the same system [38].
RNase B is composed of a mixture of glycoforms in
which one glycan chain is attached to the side-chain
nitrogen of Asn34 with a variable glycan structural
composition of MannGlcNAc2 where n varies from 5
to 9 (Man: mannose; GlcNAc: N-acetylglucosamine)
[48]. These structural studies were complemented by
structural dynamic information of the different RNase
isoforms derived from 1H-NMR hydrogen-deuterium
(H/D) exchange rates. The results led the researchers
to arrive at the following conclusions about natural
glycosylation on RNase structure: a) the presence of
the glycan does not alter the overall structural fold of
the protein, b) the glycan chain samples a substantial
conformational space potentially shielding large por-

Table 1. Summary of biological processes modulated by glycosylation.

Cellular level References Protein level References

Cell migration [5, 6, 8, 14, 15] Folding [4, 13, 61–70]

Cell differentiation [5, 8, 16] Solubility [4, 13, 178, 179]

Cell-cell signaling [5, 6, 8, 10, 14–16] Structural dynamics [6, 20, 30, 41, 45 –47, 52, 57]

Inflammatory response [4, 5, 8] Catalytic activity [4–6, 30, 47, 49, 53, 57, 73–76]

Intracellular targeting [4, 5, 8, 10] Thermal stability [4, 5, 13, 30, 47, 50 –52, 55, 56, 60–62, 71, 72]

Blood-group antigenicity [4, 6, 8, 10] Kinetic stability [56, 59, 171, 174, 175]

Immune regulation [5, 8, 11] Aggregation [4, 13, 56, 158, 160, 176, 177]
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tions of the protein surface, and c) overall protein
structural dynamics were slightly reduced by glyco-
sylation since amide H/D exchange rates were slower
in many regions of the protein including some more
than 30 � away from the Asn34 glycosylation site.
Further comparative studies were subsequently per-
formed using other naturally glycosylated protein
systems, such as plasminogen and tissue plasminogen
activator [49], the adhesion domain of human CD2
[50], the free alpha subunit of human chorionic
gonadotropin [51], and the proteinase inhibitor
PMP-C (Pars intercerebralis major peptide C) [52].
In all of these studies a small reduction in protein
structural dynamics was observed independent of the
linkage (N- or O-linked), position, or structural
composition of the glycans, suggesting a possible
generality of these effects in glycoproteins. Addition-
ally, these studies also provided several explanations
for the slightly reduced structural dynamics caused by
natural glycosylation, namely, restriction of the pro-
tein conformational sampling space by steric crowd-
ing, reduction of solvent access to the protein surface,
and direct hydrogen bonding contacts between the
protein surface and the first surface accessible resi-
dues of the glycans [16, 31, 53 – 55].
Although these results from naturally glycosylated
proteins highlight the connection between glycosyla-
tion and the changes in overall protein structural
dynamics, several fundamental issues still remained
unaddressed (e.g., Is the magnitude of the changes in
structural dynamics influenced by the protein glycan
content or the size of the attached glycan? and Is this a
general phenomenon achievable by the chemical
attachment of non-natural glycans to the protein
structure?). To address these questions, Sol� and
Griebenow recently performed a series of studies in
which they employed chemical glycosylation to sys-
tematically explore the influence that alterations in
the glycosylation parameters had on the overall
biophysical properties of the serine protease a-
chymotrypsin (a-CT) [30, 56, 57]. a-CT was chosen
as a model protein since its inherent biophysical
properties were already well characterized and under-
stood. For these studies, series of a-CT glycoforms
(Fig. 1) were created with systematic variations in the
amount of glycan bound to the protein surface and in
the glycan size through the use of chemically activated
glycans of differing molecular masses [Lac: lactose
(500 Da); Dex: dextran (10,000 Da)]. The glycans
were covalently attached to the protein via the
reactivity afforded by the surface amine groups
(amino terminus and lysine residues) towards a
succinimidyl functionalized linker [58]. Upon charac-
terization of the changes in structure and dynamics of
the different a-CT glycoconjugates by circular dichro-

ism (CD) spectroscopy and FTIR (Fourier transform
infrared) amide H/D exchange experiments, they
arrived at the following conclusions concerning the
effects of chemical glycosylation (Fig. 2): a) increases
in the size and amount of chemically attached glycans
do not alter the original structural fold of the protein,
b) a substantial decrease in protein structural dynam-
ics could be systematically induced through chemical
glycosylation, and c) this reduction in structural
dynamics only depends on the amount of glycans
bound to the protein surface and not on the glycan
size. The similarity between these results derived from
chemical glycosylation and those from natural glyco-
sylation thus seemed to confirm the general nature of
these effects by glycans. This prompted the research-
ers to hypothesize about the potential utility of
chemical glycosylation for the systematic perturbation
of protein structural dynamics within biochemical
applications [30, 57] (some examples will be discussed
further on).

Influence of glycosylation on protein thermodynamics
Another fundamental biophysical property which
becomes altered upon natural glycosylation is the
thermodynamic stability [13]. Although several re-
searchers had previously highlighted differences in
stability for naturally glycosylated proteins [38, 47,
59], the first detailed biophysical studies attributing
the increase in thermostability found for glycoproteins
to the glycan moiety were described by Wang et al. in
1996 [60]. In this work a comparative calorimetric
study on five naturally glycosylated proteins (yeast
external invertase, bovine serum fetuin, glucoamylase
from Aspergillus niger, chicken egg white ovotrans-
ferrin, and avidin) was performed. In all five cases,
small decreases in the denaturation temperatures
(Tm), denaturation enthalpies (DHm), and thermal
unfolding reversibilities were found after enzymatic
deglycosylation [60]. The magnitude of these effects
was independent of the linkage and branching of the
glycans but depended on the carbohydrate content of
the structurally different glycoproteins. This again
supports the view of a general nature to these effects.
It was also concluded that the glycan moiety not only
increases the thermodynamic stability of glycopro-
teins but also alters their folding equilibria, possibly
through decreased protein aggregation in the unfold-
ed state [60]. In agreement with these findings, Mer et
al. (1996) found an increase of 1 kcal/mol in thermo-
dynamic stability for the glycosylated isoform of the
proteinase inhibitor PMP-C through calorimetric
studies [52]. Subsequent comparative calorimetric
studies between the glycosylated isoform of chicken
ovomucoid first domain and its non-glycosylated
isoform led DeKoster and Robertson (1997) to con-
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clude that the increase in thermodynamic stability of
glycoproteins was mainly of an entropic nature [61].
Another study that provided some additional funda-
mental insights into the causes of the increased in
thermodynamic stability of glycoproteins was per-
formed by Kwon and Yu in 1997 [62]. Here, the effects
of glycosylation on the unfolding and refolding rates
of human alpha 1-antitrypsin were studied by urea-
induced equilibrium unfolding experiments.
Through kinetic analysis it was found that glycosyla-
tion slows the unfolding process without affecting the

refolding rates significantly. From these results it was
proposed that the increase in thermodynamic stability
caused by glycosylation could be due to stabilization
of the native state and not due to destabilization of the
unfolded state [62] (the mechanistic causes of this
phenomena will be explained in more detail below). In
agreement with these results, Leong and Middelberg
recently reported that the refolding process of alpha-
fetoprotein (AFP) occurs independent of its glycosy-
lation state [63]. However, while these results suggest
that protein folding is not influenced by glycosylation,
several other research groups found refolding to be
promoted by the presence of the glycans. For example,
Yamagushi and collaborators recently ascribed a
chaperone-like function to N-linked glycans due to
their direct promotion of polypeptide folding [64 – 66].
Additionally, recent studies performed by Surolia and
collaborators on several members of the lectin family
have revealed that the presence of the glycan moiety
for this class of glycoproteins can alter the folding-
unfolding pathway as well as its intermediates [67 –
69]. The differences in results in these studies suggest
that these effects may be of a protein dependent
nature. Therefore, more studies are still necessary to
fully understand the nature of glycan-promoted
protein folding and the changes to folding pathways
(for recent developments in this area see the work of
Imperiali and collaborators [70]).
While these results derived by using naturally glyco-
sylated proteins suggest a connection between glyco-
sylation and increased glycoprotein thermostability,
several issues still remained unaddressed (e.g., How

Figure 1. Molecular structures
for the a-chymotrypsin (a-CT)
glycoconjugates engineered
through chemical glycosylation.
a-CT (center) and a-CT glyco-
conjugates with glycosylation de-
gree increasing clockwise from
top (Lacn-a-CT with varied n: 1,
3, 5, 7, and 14). Protein presented
in CPK style with standard atom
coloring, glycans presented in
stick style with green coloring:
Models adapted from [57] with
permission. The image was cre-
ated with YASARA (www.yasar-
a.org).

Figure 2. Changes in protein structural mobility (hDGmici�1) as a
function of glycosylation degree and glycan size [lactose (*) and
dextran (D)] for the various a-CT glycoconjugates engineered
through chemical glycosylation. Glycosylation degree is equal to
the average number of glycan molecules chemically attached to the
protein surface. Reproduced from [30].
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do the glycosylation parameters influence the magni-
tude of changes in thermostability? and Is this also a
general phenomenon achievable by the chemical
attachment of non-natural glycans?). Through the
use of chemical glycosylation with small sized glycans
(e.g. glucose, fructose), De Jongh and collaborators
recently reported that beta-lactoglobulin thermosta-
bility could be artificially enhanced by increasing the
degree of glycosylation, suggesting the generality of
these effects [71]. It was proposed that glycans could
achieve such effects by lowering the protein�s change
in heat capacity of unfolding [DCp = Cp(unfolded) –
Cp(native)] possibly through a mechanism which
involves the association of the exposed non-polar
residues in the unfolded state with the glycans, thereby
preventing their solvent exposure [72]. To determine
the influence that the glycosylation parameters have
on increasing the thermodynamic stability of proteins,
Sol� et al. recently performed a detailed thermody-
namic study on the chemically glycosylated a-CT
conjugates through the use of differential scanning
calorimetry (DSC) [30, 56]. This investigation re-
vealed the following details about protein thermal
stabilization by glycans: a) increases in the glycosyla-
tion degree can shift the melting temperature (Tm)
linearly to higher temperatures independent of the
glycan molecular size (e.g., up by 7 oC for seven bound
glycans) (Fig. 3a), b) the change in heat capacity of
unfolding (DCp) decreases with increases in the
glycosylation degree (from 6.2 kcal/mol K to
3.9 kcal/mol K) (Fig. 3b), c) increases in glycan size
lead to a more pronounced lowering of DCp (from
6.2 kcal/mol K to –2.1 kcal/mol K) reaching even
negative values for the most glycosylated conjugates,
which is rare for protein unfolding (Fig. 3b), and d) the
Gibbs free energy of unfolding at 25 oC [DGU(25oC)]
for a-CT [which is indicative of overall protein
stability (thermodynamic, kinetic, and colloidal)]
increased with increases in the glycosylation degree
(from 5.5 to 8.7 kcal/mol) and to an even larger extent
with increases in glycan size (from 5.5 to 13.3 kcal/
mol) (Fig. 3c). These results show that glycosylation
parameters can play different roles in the overall
stabilization of proteins (e.g., glycosylation degree
mainly influences protein thermal stability, while
glycan size influences the kinetic and colloidal stabil-
ities). The mechanistic basis of these phenomena will
be discussed in more detail further on.

Influence of glycosylation on enzymatic catalysis
One of the most general statements concerning the
modulation of protein biophysical properties by
glycosylation is related to its effect on altering protein
function. Ironically, this has remained one of the least-
understood areas in glycoprotein biophysics due to the

few detailed mechanistic studies performed. To sim-
plify the discussion, we will limit the following section
to those in vitro reports on glycoproteins which
possess enzymatic function. One of the earliest
examinations of the role of glycosylation on the
enzymatic function of a glycoprotein was performed
by Grinnell et al. in 1991 while studying the catalytic
behavior of the different glycoforms of the antith-
rombotic serine protease human protein C (HPC)
[73]. Upon sequential elimination of the enzyme�s
glycosylation sites by site-directed mutagenesis, they
found an increase in the catalytic rates (kcat) without
apparent changes in substrate binding affinities (KM).
These pioneering results prompted the researchers to
hypothesize that the catalytic efficiency of the enzyme
could possibly be tuned through the use of carbohy-
drate modifications [73], a phenomenon that was
recently evidenced by Sol� and Griebenow on a
structurally homologous serine protease (a-CT)
through the use of chemical glycosylation (see details
below) [30]. Similar results were also obtained by
Dwek and collaborators while studying the effects of
natural glycosylation on the function of the different
RNase, plasminogen, and tissue plasminogen activa-
tor glycoforms [47, 49, 74, 75]. In these studies a
reduction in the enzymatic activity for the three
different glycoproteins was observed, with the
changes being mainly reflected in the catalytic rates
(kcat). Klinman and collaborators also found a de-
crease in the catalytic rates without apparent changes
in substrate binding affinity for the reaction catalyzed
by the different glycosylated isoforms of glucose
oxidase [76].
Through the use of chemical glycosylation Sol� and
Griebenow recently examined the influence of varia-
tions in the glycosylation parameters on the kinetics of
the peptide hydrolysis reaction catalyzed by the serine
protease a-CT [30, 57]. They arrived at the following
conclusions concerning the effects of glycosylation on
enzymatic catalysis: a) increases in the size and the
amount of the chemically attached glycans did not
alter the substrate binding affinity (KM, KS), b)
chemical glycosylation induced a significant reduction
of the catalytic rates (kcat, k2, and k3), and c) this
reduction only depended on the amount of glycans
bound to the protein surface being independent of the
glycan size (Fig. 7; lower right panel). Interestingly, if
the changes in enzymatic activity induced by both
natural and chemical glycosylation are qualitatively
compared, it becomes clear that they are quite similar,
even though these were obtained with structurally and
functionally different proteins. This suggests that
these effects by glycans may be of a general nature,
possibly serving as a mechanism to regulate protein
function in vivo.
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Biochemical insights through chemical glycosylation

Novel insights into the structurally dynamic nature of
protein biophysics
Understanding the interrelationships between the
fundamental biophysical properties of proteins (e.g.,
structure, dynamics, thermostability, and function) is
essential for predicting and controlling their behavior
within biochemical and biomedical applications. Al-
though a large number of past studies regarding
protein biophysical behavior have focused on the
classical �static� view of proteins, an alternative
�dynamic� view has developed in recent years due to
the intrinsically dynamic nature of the protein struc-
ture [77]. While the direct connection between
changes in protein structure and its effects on protein
biophysical properties has been long encompassed in
the so-called structure-stability and structure-function
relationships [78], the influence of structural dynam-
ics within these relationships, although long envi-
sioned [79 – 92], has remained statistically unexplored
due to the lack of effective chemical strategies for the
systematic perturbation of protein structural dynam-
ics. The importance of designing chemical strategies
for the effective control of protein structural dynamics
to answer this and other biochemically related funda-
mental questions is such that it has been identified by a
series of leading scientific researchers (including
several Nobel laureates) in a recent survey published
in Nature as one of the six most important biochemical
research problems expected to be addressed by
chemists [93].
While studying the possible mechanistic causes for
altered protein structural dynamics, thermodynamic
stability, and enzyme kinetics induced through chem-
ical glycosylation, Sol� and Griebenow realized that
these effects could be interrelated by invoking a
dynamic connection between the structure and the
biophysical properties of glycoproteins [30], as had
been previously invoked for mesophilic-thermophilic
homologous protein pairs by Petsko and collaborators
[94] and for phosphorylated proteins by Kern and
collaborators [95]. By performing a statistical corre-
lation analysis of the changes in protein properties
induced by chemical glycosylation, Sol� and Griebe-
now were able to statistically confirm the existence of
an inverse relationship between the changes in protein
structural dynamics and the changes in protein
thermodynamic stability (Fig. 4a). This observation
of an inverse relationship between protein structural
dynamics and thermodynamic stability thus evidences
the direct dependence of global protein stability on
the enthalpic (molecular interactions) and entropic
(molecular dynamics) components of the protein
structure, as previously proposed by Privalov and

Tsalkova [79]. Any decrease in protein structural
dynamics should therefore lead to a smaller contribu-
tion of the protein�s internal entropy to its overall
stability, thus shifting the thermodynamic unfolding
equilibrium towards higher Tm values (Fig. 3a). These
arguments are in complete agreement with the notion
of an entropically induced increase in thermodynamic
stability for glycoproteins as has been proposed by
DeKoster and Robertson [61].

Figure 3. Changes in thermodynamic unfolding parameters as a
function of glycosylation degree and glycan size [lactose (*) and
dextran (D)] for the various a-CT glycoconjugates engineered
through chemical glycosylation. Adapted from [56] with permis-
sion.

2138 R. J. Sol�, J. A. Rodr�guez-Mart�nez and K. Griebenow Modulation of Protein Biophysics by Chemical Glycosylation



Through statistical analysis it was also found that a
direct relationship between the changes in protein
structural dynamics and enzyme catalysis exists while
under similar experimental conditions (e.g., internal
amino acid composition, pH, temperature, and sol-
vent) (Fig. 4b) [30]. This observation indicated that as
previously hypothesized for a-CT [96– 98] and for
enzyme systems in general [99 –102], the dynamical
energy of the enzyme could be transduced towards the
chemical steps during catalysis, thereby impacting the
reaction�s transition-state Gibbs free energy of acti-
vation. These observations derived through the use of
chemical glycosylation have therefore provided for
the first time statistical support to the modern
�dynamic� view of protein biophysics (Fig. 5) where
the changes in protein biophysical properties depend
not only on the structure but also on its dynamics.
While for the classical �static� view of protein bio-
physics the changes in protein stability and function

have been largely explained by the magnitude of
conformational changes [structural displacements
(�)], in the modern dynamic view of protein biophy-
sics these changes are now additionally influenced by
changes in the magnitude of the speed [structural
velocity (�/msec)] with which the protein samples
through these different conformations (Fig. 5). The
statistical validation of this novel perspective on
protein biophysics will thus have direct implications
for the future mechanistic understanding of several
fundamental biochemically related processes, such as
enzymatic catalysis [87, 88, 91, 100, 102– 107], its
allosteric regulation [95, 108 – 113], structural cooper-
ativity effects [77, 114], and enzyme stability engineer-
ing [115].

Novel mechanistic insights into glycoprotein
biophysics via computational methods
To provide further mechanistic insights into the nature
of the aforementioned changes in glycoprotein bio-
physics, Sol� and Griebenow recently performed a
detailed computational study to explore the effects
that the degree of glycosylation had on the conforma-
tional energetics and dynamics of the a-CT glyco-
conjugates [57]. For these studies, the reactivity
profiles of a-CT�s lysine residues were calculated,
and in silico molecular models of the glycoconjugates
constructed with increasing amounts of glycans at-
tached to the protein�s surface (Fig. 1) by employing
the YASARA suite of molecular modelling programs
(YASARA Biosciences, Graz, Austria) [57]. Accurate
energetic equilibration of the glycoconjugate struc-
tures was performed by quantum mechanical param-
eterization of the glycans with YASARA�s AutoS-
MILES protocol [116] and by employing the AMBER
[117] and GLYCAM [118] molecular mechanics force
field parameters derived for glycoproteins coupled
with rounds of molecular dynamics (MD) simulations.
These modelling studies revealed that as the amount

Figure 4. Statistical correlation analysis (ANOVA) between
changes in global structural mobility (hDGmici�1) and changes in
thermodynamic stability (Tm) and catalytic activity (kcat) for a-CT
(*) and for the various Lac-a-CT (D) and Dex-a-CT (&)
glycoconjugates engineered through chemical glycosylation. Re-
produced from [30].

Figure 5. Schematic diagram displaying the classical �static� view
of protein biophysics, where the changes in the protein biophysical
behavior are due to conformational changes in the protein
structure, and the modern �dynamic� view of protein biophysics
confirmed through chemical glycosylation [30], where the changes
in protein biophysical behavior are additionally influenced by
changes in the velocity of the conformational changes in the protein
structure.
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of glycosylation increased, the values for the total
internal energy parameter and global Debye-Waller
temperature B-factor (which is a crystallographic
measure of structural entropy and dynamics [119])
for the glycoconjugate structures decreased
(Fig. 6a,b) [57]. These results indicate that at increas-
ing glycosylation degree the protein structure be-
comes both energetically more stable and rigid.
Interestingly, the changes between the experimental
and theoretical energetic (Tm vs. total energy) and
dynamic (DGHX vs. B-factor values) parameters
determined for these glycoconjugates correlated stat-
istically (ANOVA; R > 0.90, P < 0.025), which
suggests that the in silico models constructed accu-
rately reflected the experimental behavior of the
glycoconjugates.
To mechanistically explain the nature of the decreased
structural dynamics and internal energetics for the
glycoconjugates, Sol� and Griebenow further exam-
ined the effects of glycosylation on the individual
energetic terms for the non-covalent forces arising
within the protein peptide core [57]. It was found that
as glycosylation increased, the value for the coulombic
energy parameter substantially decreased with a
concomitant increase in internal van der Waals
(VdW) energy for the protein portion of the con-
jugates (Fig. 6c,e). This indicates that glycosylation
can lead to an overall more stable and rigid protein
structure due to increased internal electrostatic at-
tractions coupled with a greater number of hydro-

phobic packing contacts. Interestingly, the importance
of internal electrostatics on influencing the dynamics
and stability of proteins has also been noted by
Affleck et al. [120], Simonson [121], and by Strickler
et al. [122] in other protein systems. In looking for a
physical explanation for the nature of these effects by
glycans, Sol� and Griebenow first evaluated the
changes in the hydrogen bond composition of the
glycoconjugate models (Fig. 6d). Only a few new
hydrogen bonds formed between the protein surface
and the glycan moieties, thus disproving the hypoth-
esis of changes in glycoprotein behavior due to direct
hydrogen bonding contacts between the protein sur-
face and the first surface accessible residues of the
glycans. The changes in solvent-accessible surface
area upon glycosylation for the glycoconjugate mod-
els were examined next. Here, it was found that
although the total solvent-accessible surface area for
the glycoconjugates increased significantly with in-
creased amounts of glycosylation (9,000 �2 to
16,000 �2), the surface exposed area for the protein
portion of the conjugates was actually significantly
decreased (9,000 �2 to 5,000 �2) (Fig. 6f). This result
highlights the importance of the solvent (e.g., aqueous
media vs. organic solvent) and its contact with the
protein matrix in influencing the internal electro-
statics and biophysical properties of proteins.
This raises the question of how a decrease in solvent-
accessible surface area due to glycosylation can lead to
an increase in protein internal electrostatic attractions

Figure 6. Changes in energetic (total, VdW, coulombic), entropic (B-factor), hydrogen bonding, and solvent-accessible surface area
parameters as a function of glycosylation degree derived from the molecular models of the various a-CT glycoconjugates (see Fig. 1).
Glycosylation degree is equal to the number of glycan molecules chemically attached to the protein surface. Adapted from [57] with
permission.
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and structural rigidification. Water, being a highly
polar solvent (e=78.3; dielectric constant), exhibits
both a high dielectric susceptibility and highly fluctu-
ating electric dipole moment [123, 124], affecting the
protein electrostatics in several ways. The high
dielectric susceptibility makes water very sensitive to
polarization when an external field is applied (e.g.,
long-range protein charge-charge interactions), lead-
ing to diminished protein electrostatic interactions
due to charge screening [125, 126]. The highly
fluctuating electric dipole moment of water increases
the fluctuations in the outer dipole layers of the
protein (those that interact with the hydration water
dipoles) [123, 124, 126], decreasing the protein
internal dipole-dipole interactions and increasing
protein structural vibrations [120]. Removal of hydra-
tion water from the protein surface due to glycosyla-
tion should reverse both of these phenomena, thereby
increasing protein internal electrostatic attractions
and decreasing protein structural dynamics. Thus,
glycosylation can be envisioned as leading to de-
creased contacts between the protein electrostatics
and the solvent electrostatics due to �steric dielectric
shielding�, which would transform the protein bio-
physical properties from being solvent slaved to non-
slaved [123, 124] (slaved refers to molecular phenom-
ena influenced by the solvent electric dipole moment
fluctuations). This phenomena has such wide-reaching
implications that it has been noted by several re-
searchers as one of the principal causes for the
decreased activities exhibited by enzymes when
employed as biocatalysts within organic media [120,
127 – 134].
From these computational and experimental studies
Sol� and Griebenow [30, 56, 57] have now provided an
integrated mechanistic perspective of the changes in
glycoprotein conformational energetics and dynamics
caused by increasing the glycosylation degree (Fig. 7).
Increases in the glycosylation degree would first
reduce the protein solvent accessible surface area by
sterically shielding the surface of the protein (a
concept that was originally proposed by Dwek and
collaborators [46]). This would prevent the solvent-
electrostatics from interacting with the protein elec-
trostatics, thereby increasing the internal electrostatic
attractions and VdW interactions of the protein. This
increase in internal non-covalent binding forces (an
enthalpy loss) would simultaneously lead to a de-
crease in protein structural dynamics (an entropy loss)
in accord with the concept of entropy-enthalpy
compensation in proteins [135 – 137]. Both of these
enthalpic and entropic changes must also impact the
natively folded state, thereby increasing the protein�s
thermodynamic stability. The decrease in protein
structural dynamics, reflected in dampened domain

motions, will also lead to a decrease in enzymatic
activity due to structural mechanochemical coupling
(see next section) [30]. Interestingly, a similar con-
nection between decreased surface hydration and loss
of a-CT activity was also recently highlighted by
Zewail and collaborators through the use of femto-
second spectroscopy [138]. The discovery of this novel
mechanism of steric dielectric shielding by a chemical
modification such as glycosylation could have pro-
found implications for the design of novel protein
stabilization strategies, since these effects in principle
should be achieved by other types of chemical
modifications which can displace large volumes of
solvation water from the protein surface or that can
alter protein internal electrostatics (a recent example
validating this concept will be discussed below).

Novel mechanistic insights on the structurally
dynamic nature of protease catalysis
Deciphering the general mechanisms by which en-
zymes accelerate chemical reactions is fundamental to
the understanding of biochemical processes. Although
the chemical nature of enzyme catalysis is in large
parts understood [139], there is still some controversy
regarding the contribution of concepts such as the
involvement of protein structural dynamics in the
chemical steps of catalysis (e.g., via mechanochemical
coupling between global dynamics and active-site
chemical groups) [100, 103, 140 – 144]. Having vali-
dated the potential of chemical glycosylation as a tool
for the systematic perturbation of protein structural
dynamics [30], Sol� and Griebenow recently em-
ployed it to perform a detailed study on the contribu-
tion of structural dynamics to the individual steps of
the catalytic mechanism of chymotrypsin-fold serine
proteases [57]. Although the chemical components
involved in the catalytic mechanism of this biochemi-
cally and biomedically important class of enzymes
(members include thrombin, several coagulation and
complement factors, the trypsins, the kallikreins, and
the granzymes) are some of the best understood (e.g.,
the His57-Asp102-Ser195 catalytic triad), the influence of
structural dynamics within their catalytic mechanism
has remained largely unexplored [97].
Being the representative member of the structural clan
of chymotrypsin-fold serine peptidases [Clan PA (Fam-
ily S1); MEROPS Database] [145], a-CT catalyzes the
selective hydrolysis of amide bonds adjacent to bulky
hydrophobic side chains from its peptidic and proteic
substrates. Its catalytic cycle (Fig. 7; lower right panel)
is composed of a primary non-covalent substrate
binding step (KS) followed by two chemical steps
which involve the acylation (k2) and deacylation (k3) of
the enzyme with the formation of two acyl-enzyme
tetrahedral intermediates (TET1 and TET2). By
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performing amide H/D exchange and chemical kinetic
dissection experiments for the chemically glycosylated
a-CT conjugates, Sol� and Griebenow were able to
show that changes in protein structural dynamics
impacted both acylation (k2) and deacylation (k3)
rates without altering the binding of the substrate
(KS) (Fig. 7; lower right panel) [57]. Interestingly, the

activation energy for both chemical steps increased
linearly as the structural dynamics of the enzyme were
reduced through chemical glycosylation [57]. While
this result supported the notion of dynamical energy
transduction within the mechanism of serine protease
catalysis, it did not provide for a structural mechanistic
explanation of this phenomenon.

Figure 7. Integrated mechanistic perspective of the changes in protein biophysical properties induced through increases in glycosylation
degree. Portions of the figure were adapted from [56, 57] with permission. Image partially created with YASARA (www.yasara.org).
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Since this class of proteases is structurally composed
of two six-stranded Greek-key b-barrel domains
(Fig. 7), the nature of their collective structural
dynamics has been mainly ascribed to interdomain
hinge-bending motions [97, 146, 147]. Due to the
location of the active-site residues at the interface
between these two domains, it had been previously
suggested that the global structural flexibility of the
enzyme could directly influence their structural dis-
placements, therefore potentially impacting the reac-
tion kinetics [97, 147 – 149]. To verify the validity of
this hypothesis, Sol� and Griebenow submitted their
energy equilibrated a-CT glycoconjugate models to
Gaussian network model (GNM) computational
analysis [57]. The Gaussian network model represents
a simplified version of normal mode analysis for
describing the fluctuations in dynamics of polymer
networks. This type of structural analysis was devel-
oped to provide a simple and computationally inex-
pensive yet accurate description of residue intercon-
nections and mobilities within the collective vibra-
tional modes of proteins and supramolecular struc-
tures [150, 151]. Results from this type of calculation
have been found to be in excellent agreement with
experimental X-ray crystallographic B-factors, H/D
exchange free energies of amide protons, and NMR-
relaxation order parameters [152, 153]. Due to this the
GNM has been used extensively to describe the
influence of collective structural motions on the
functional behavior of proteins. Analysis of the
collective dynamics of a-CT by this methodology
revealed that protein structure is characterized by two
relatively rigid domains [domain 1 (residues 1 – 119)
and domain 2 (residues 151 – 245)] connected by an
interdomain hinge (residues 120 – 150) (Fig. 7) [57].
The connection between these two domains and the
hinge occurs via two highly mobile loops [Asp102 loop
(residues 85 – 105) and the a-helix’ loop (residues 160 –
175)] located at the structural edges of each domain
whose dynamics give rise to the characteristic domain
hinge-bending motions of this structural class of
protease. When GNM analysis was applied to the a-
CT glycoconjugates (Fig. 7), the relative structural
mobilities of the Asp102 loop and the a-helix’ loop as
well as that of the His57 loop were reduced at
increasing levels of glycosylation. This result indicated
that glycosylation could lead to a reduction in the
kinetics of the protein domain motions without
altering the shape of the collective vibrational mode
[57]. This decrease in mobility for the His57 and Asp102

loops thus provided a mechanistic explanation for the
decreased acylation and deacylation rates observed
after chemical glycosylation, as these residues are
directly involved in the hydrogen transfer steps
necessary for catalysis. A decrease in the dynamics

of these two loops would reinforce the hydrogen
bonding strength between the His57 and Asp102 resi-
dues, leading to a possible anticatalytic situation via
the permanent formation of a low-barrier hydrogen
bond as proposed by Ishida [154]. This would affect
the deprotonation and protonation rates of Ser195, thus
reducing the kinetics of catalysis [57]. By systemati-
cally perturbating a-CT�s structural dynamics through
chemical glycosylation [57], Sol� and Griebenow have
now identified the structural mechanism by which
mechanochemical coupling between domain motions
and active-site chemistry [106] occurs within the
catalytic mechanism of chymotrypsin-fold serine pro-
teases [96 – 98, 147]. Interestingly, a recent study
conducted by Carnevale et al. on the representative
members of the protease superfamily identified the
conservation of such large-scale motions across mem-
bers with differing structural folds and active-site
chemistries, suggesting that the phenomenon of
mechanochemical coupling at least for the protease
superfamily may be of an evolutionary nature [155].
These experiments by Sol� and Griebenow [30, 57]
therefore highlight the potential utility of chemical
glycosylation as a tool for the mechanistic under-
standing of protein biochemical and biophysical
phenomena, especially those influenced by protein
structural dynamics.

Biomedical implications of chemical glycosylation

Improving protein long-term stability within
therapeutic applications
The employment of proteins as pharmaceutical agents
has redefined the field of therapeutic pharmacology,
with hundreds of protein molecules currently ap-
proved for therapeutic use and many more being in
the process of discovery and formulation [156]. Yet, as
the number of biotherapeutics being developed in-
creases, so does the general knowledge about the
fundamental physicochemical instability issues that
appear to plague these macromolecules [157 – 162]. In
contrast to traditional small-molecule therapeutics,
whose physicochemical stabilities are much simpler to
predict and control [163], the complexities arising due
to the supramolecular nature of protein structure
burden the development of predictive methodologies
concerning their chemical as well as physical stabili-
zation [164]. To grasp the complexities concerning the
issue of protein stability, one needs to take into
consideration the nature of and the interrelations
between the different levels of protein structure and
architecture which arise due to the intra- and inter-
molecular interactions between the various amino
acid building blocks of the protein and how these
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interactions become perturbed depending on the
physicochemical environment to which the protein
becomes exposed. While the protein primary struc-
ture is subject to the same physicochemical instability
issues as traditional small-molecule therapeutics (e.g.,
acid-base and redox chemistries, chemical fragmenta-
tion, deamidation, etc.) [165], the higher levels of
protein structure (secondary, tertiary) which are
requisite for protein function display lower levels of
thermodynamic stability (2 – 5 kcal/mol for tertiary
structure vs. 10 – 25 kcal/mol for the most labile
chemical bonds) due to their non-covalent nature
thus giving rise to irreversible structural changes,
unfolding, and subsequent loss of function (kinetic
inactivation) observed in protein macromolecules
even at relatively low temperature values (20 –
40 oC) [166]. Additionally, due to their colloidal
nature these macromolecules display pH-, temper-
ature-, and concentration-dependent non-native
supramolecular aggregation which has been linked
to life-threatening immunological reactions and poses
one of the biggest challenges for the successful
employment of biotherapeutics [167, 168]. Due to
these instability issues much emphasis has been given
to the development of strategies for the effective
stabilization of proteins [79, 115, 160, 166, 169].
In general, protein stability can be either increased
internally by altering the chemical composition of the
protein, or externally by modulating the properties of
the surrounding solvent [115, 160, 166]. While much
emphasis has been given to external protein stabiliza-
tion by the use of co-dissolving additives, their use can
be problematic. This is in large part due to their
concentration- and protein-dependent nature, which
often demands the employment of high molar ex-
cesses of these reagents to achieve even modest
thermodynamic stabilization effects (DTm=1 oC)
[160]. Their practical use for drug delivery purposes
can also become limited, as they often leach out of the
drug delivery matrix during device manufacturing
[159]. Excipients can additionally cross-react with the
multiple chemical functionalities present in the pro-
tein, thus leading to further stability problems in the
long run [160, 161]. Due to these problems, alternative
strategies involving internal protein stabilization via
structural modification are currently being explored
(e.g., site-directed mutagenesis, formation of novel
disulfide bonds, etc.). Amongst them, covalent chem-
ical modification of the protein surface represents one
of the most promising approaches for the stabilization
of proteins during their use in industrial and pharma-
ceutical applications, as it is generally perceived that
through manipulation of key parameters (e.g., mod-
ification degree, chemical composition, and size of the
modifier) the protein�s biophysical properties could

be engineered as desired [158, 170]. In this context,
chemical glycosylation represents a promising meth-
odology to modulate protein long-term stability under
pharmaceutically relevant conditions [158].
The first hypothesis on the potential kinetic stabiliza-
tion of proteins by glycosylation was reported by
Vegarud and Christnsen in Biotechnology and Bio-
engineering in 1975 [59], after realizing that glyco-
proteins were resistant to proteolytic inactivation
[171]. The same year Holcenberg et al. [172] reported
increased blood plasma half-lives for asparaginase
after glycosylation. Subsequent experimental studies
by Dellacherie et al. (1983) [173], Lenders and
Chricton (1984) [174], and Srivastava (1991) [175]
evidenced an increase in the functional lifetimes
(kinetic stability) of hemoglobin and amylase when
exposed to high temperatures upon cross-linking with
different soluble polysaccharides. In 1995 Baudys et
al. reported that the physical stability of insulin could
be improved by reducing its aggregation kinetics
through the chemical attachment of small sized
glycans [176]. These reports were followed by those
of Hoiberg-Nielsen et al. (2006) in which the thermo-
dynamic, kinetic, and colloidal stabilities for the
glycosylated and non-glycosylated forms of Penio-
phora lycii phytase were compared by calorimetric as
well light-scattering methods [177]. It was found that
the presence of the glycans significantly increased the
kinetic stability by reducing the rate of protein
aggregation while leaving the equilibrium melting
temperature largely unaltered. It was suggested that
the inhibition of aggregation was likely dependent on
steric hindrance of the glycans in the unfolded protein
state [177] and not on their hydration properties [178,
179].
While all of these studies highlighted the potential
application of glycosylation for the modulation of
protein long-term stability there was still a lack of
fundamental knowledge regarding the mechanisms by
which it could lead to improvement in protein stability
within therapeutic applications since the effects of the
different glycosylation parameters had not been
systematically explored. To further the development
of glycosylation for the stabilization of protein ther-
apeutics, Sol� et al. recently conducted a detailed
study directed at understanding the mechanisms by
which systematic changes in the glycosylation param-
eters could alter protein thermodynamic, kinetic, and
colloidal stability [56]. As already described in a
preceding section, increases in the glycosylation
degree can lead to an increase in protein thermo-
stability (Tm) independent of glycan size although
overall stability [DG(25 oC)] becomes significantly
improved with increasing glycan molecular size
(Fig. 3). These results by Sol� et al. [56] coupled with
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those of Hoiberg-Nielsen et al. [177] are intriguing.
They highlight the fact that protein samples with
similar thermal stabilities (Tm values) will not neces-
sarily have similar overall stabilities (which is often an
assumption in the study of protein stability). These
results suggest that both glycosylation degree and
glycan size should play different roles in the overall
stabilization of proteins, quite possibly by influencing
protein thermodynamic, kinetic, and colloidal stabil-
ity through different mechanisms.
When the effects of glycosylation on the kinetics of
inactivation were studied under accelerated stability
conditions, both the degree of glycosylation and
glycan size were found to increase protein inactivation
half-lives (kinetic stability), but with the larger-sized
glycan leading to a doubling in the magnitude of the
inactivation half-lives when compared to the small-
sized glycan [56]. Here we want to point out that
although the mechanism by which a-CT becomes
inactivated could be related to protection against
possible autoproteolytic cleavage, we found that this
was not the case. Similar fragmentation patterns were
found to occur for the protein at pH values where the
protein was both catalytically active (pH > 5) and
inactive (pH < 5) [56]. Structural examination of the
protein revealed that it is composed of three poly-
peptides linked by two structurally crucial disulfide
bonds that can become easily chemically reduced (-S-
S- > -SH + HS-) upon unfolding, thereby leading to
the characteristic fragmentation pattern and its ki-
netic inactivation. This suggested that glycosylation
can increase protein kinetic stability by ameliorating
the unfolding and chemical fragmentation of the
protein structure [56]. When the effects of glycosyla-
tion on the aggregation process were assessed under
accelerated aggregation conditions (colloidal stabil-
ity), it was found that aggregation could not be
prevented by the small-sized glycan even at the higher
degrees of modification in spite of the fact that the
thermal and kinetic stabilities of these samples were
vastly improved. In contrast, the aggregation process
was completely inhibited by the larger-sized glycan
independent of the glycosylation degree.
If one considers a simple two-state model for folded-
unfolded protein equilibrium (Fig. 8), it becomes
evident that there can be three general mechanisms
by which protein overall stability can be increased
(either by increasing the stability of the natively
folded state, by destabilizing the unfolded state, or by
changing the unfolding-folding pathway and its inter-
mediates). Specifically for the case of glycosylation,
the stability of the native state is increased by a
decrease in the structural dynamics of this state as a
result of the increased internal protein electrostatic
attractions and VdW forces (Fig. 7). Since the degree

of glycosylation was the factor mainly responsible for
the decrease in structural dynamics and the increase in
thermal stability (Tm) of the glycoconjugates, we can
now envision how the degree of glycosylation affects
protein overall stability through a mechanism which
involves increasing the heat capacity of the native
state [Cp(native)] via reduced structural dynamics
(Fig. 8a). This increase in Cp(native) in turn would
lead to the observed decrease in heat capacity of
unfolding [DCp=Cp(unfolded) – Cp(native)] as re-
ported by Sol� et al. [56] (Fig. 3b) and Broersen et al.
[71, 72]. In contrast, the minimal influence on protein
structural dynamics and Tm values by the changes in
glycan size suggested that its effect on protein overall
stability should alternatively occur by influencing the
stability of the unfolded state [56]. This coupled with
the vastly improved kinetic and colloidal stabilities
thus indicated that glycan size plays a predominant
role in decreasing the heat capacity of the unfolded
state Cp(unfolded) by destabilizing the protein inter-
actions within this state (possibly through steric effects
as noted by Hoiberg-Nielsen et al. [177]) (Fig. 8b)
[56]. This decrease in Cp(unfolded) in turn leads to the
large decrease in heat capacity of unfolding
[DCp=Cp(unfolded) – Cp(native)] observed by Sol�
et al. [56] when glycan size was increased, since its
effects were overlaid on top of that generated by the
glycosylation degree (Fig. 3b). These results have
therefore provided novel mechanistic insights into
different aspects of long-term protein stability caused
by changes in glycosylation parameters. Interestingly,
these in vitro stabilization effects caused by glycosy-
lation can be translated into enhanced stability and
increased functional lifetimes for glycosylated pro-
teins in vivo [28, 180 – 185]. This was recently exem-
plified by the first successful commercial example of
glycoengineering conducted on a therapeutic protein
by researchers at Amgen. In these studies the blood
plasma lifetime of the anemia protein drug erythro-
poietin alfa (EPO) was improved threefold by creat-
ing a hyperglycosylated version of the protein (darbe-
potin alfa; ARANESP) [28]. These results thus
evidence the potential utility of glycosylation for the
rational engineering of protein biophysical properties
within both in vitro and in vivo biomedical applica-
tions.

Biophysical effects of other biochemically and
biomedically relevant chemical modifications

Modulation of protein biophysical behavior by
PEGylation
The chemical attachment of synthetic polymer mole-
cules, such as, poly(ethylene) glycol (PEG) to the
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protein surface (PEGylation) constitutes an increas-
ingly important protein modification of high thera-
peutic value [186]. Benefits of protein PEGylation
include increased stability [187 – 189], reduced aggre-
gation [190, 191], resistance to proteolysis [188, 192],
reduced inmmunogenicity [193, 194], and increased
serum half-life [195, 196]. This has resulted in six
PEGylated protein formulations (e.g., PEG-aspara-
ginase for cancer treatment and PEG-interferon a2a
for hepatitis treatment) currently approved for ther-
apeutic use, with many others undergoing clinical
trials [197]. Thus the development of strategies for
improving the chemistries of protein PEGylation
constitutes an area of increasingly active research
[198, 199], with PEGylation chemistries evolving from
a �first generation� of low molecular weight, impure,
and unstable reagents to a �second generation� of
reagents with higher purity, a larger range of molec-
ular weights, and chemical modifiers [197, 200].

In spite of all the biomedical studies performed to date
on PEGylated proteins focused at improving protein
pharmacokinetic and pharmacodynamic behavior
[195, 196, 201], there is still a lack of fundamental
knowledge regarding the influence of PEGylation on
protein biophysical properties. Due to this, Griebe-
now and collaborators recently conducted a series of
studies to address this issue [J. A. Rodr�guez-Mart�-
nez, R. J. Sol�, and K. Griebenow, unpublished
observations]. Since the PEGylation chemistry em-
ployed in these studies was similar to that used by Sol�
and Griebenow for chemical glycosylation (succini-
midyl lysine chemistry), PEGylation of a-CT provid-
ed an excellent opportunity to compare the biophys-
ical effects of two chemically different modifiers on
the same protein system, allowing for verification of
the modification-induced steric dielectric shielding
proposal. For these experiments a-CTwas PEGylated
to different extents with PEGs of different molecular
masses, recreating the experimental setup employed
by Sol� and Griebenow in their chemical glycosylation
studies. The PEG-a-CT conjugates were then bio-
physically characterized to examine the effects of the
PEGylation degree and PEG size on a-CT structure,
dynamics, thermostability, and function. While no
significant changes on a-CT tertiary structure were
observed upon PEGylation, thermodynamic stability
(Tm) increased with a decrease in enzymatic activity
(kcat) at increasing PEGylation degree, independent of
PEG molecular mass [J. A. Rodr�guez-Mart�nez, R. J.
Sol�, and K. Griebenow, unpublished observations].
Examination of the protein structural dynamics upon
PEGylation revealed a non-linear reduction in con-
formational dynamics at increasing PEGylation de-
gree independent of the PEG molecular mass. Since
these results from PEGylation agree with those
reported by Sol� and Griebenow for glycosylation,
they thus confirm the general chemical nature of the
modification-induced protein desolvation proposal.
Interestingly, as can be expected from such chemically
different moieties, not all biophysical effects were
similar. For example, while glycosylation did not alter
the substrate binding affinities (KM), increases in the
PEGylation degree lead to a decrease in substrate
binding affinity. Additionally, while changes in bio-
physical properties were altered in a linear fashion by
chemical glycosylation, changes due to PEGylation
behaved logarithmically. These differences can be
understood if one considers that the structural com-
position of PEG in solution has been found to be of a
compact globular form in contrast to the semi-linear
nature of glycans [202, 203]. This in the context of the
modification-induced protein desolvation theory
would suggest that the effects of PEGylation should
be more significant at lower modification degrees,

Figure 8. Schematic diagram representing the changes in heat
capacity (Cp) as a function of temperature during thermodynamic
unfolding for the chemically glycosylated protein conjugates as a
function of (a) increased glycosylation degree and (b) increased
glycan size. N and U represent the native and unfolded states for
the non-glycosylated protein, while Nglyco and Uglyco represent the
native and unfolded states for the glycosylated protein conjugates.
Tm represents the melting transition temperature for the protein,
where 50% of the protein is in the native state and 50% is in the
unfolded state. Overall change in heat capacity (DCp) is equal to
the difference in heat capacity between the unfolded and native
states [DCP=Cp(U)-Cp(N)].
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since PEG should be able to cover a larger protein
surface area than glycans. While these results indicate
that PEGylation could lead to increased effects at
lower modification degrees when compared to glyco-
sylation (which would be desirable for the thermody-
namic stabilization of proteins), they also indicate that
it is not as effective as is chemical glycosylation for the
systematic modulation of protein structural dynamics.
This is due to the fact that PEGylation leads to a
drastic shift in protein properties upon attachment of
the first two PEG chains with the effects being kept
more or less constant at increasingly larger levels of
modification. These studies have thus provided the
first complete description of the effects of PEGylation
on protein biophysical properties. Additionally, the
results from these studies have provided the first
complete comparative description of the effects that
different chemical modifications can have on the
properties of a single protein, therefore furthering the
understanding of the inherent complexities involved
in the tuning of protein biophysical properties.

Concluding remarks

In this review we have provided an updated account of
the influence that glycosylation has on protein bio-
physical properties. With recent advances in glycosy-
lation chemistry, it has now become possible to probe
the mechanisms by which glycosylation alters certain
protein biophysical properties through chemical gly-
cosylation [30, 56, 57]. This has revealed the general
chemical nature of these effects by glycans, affording
control over such fundamental biophysical properties
as protein structural dynamics, thermodynamic stabil-
ity, and enzymatic function. In turn, by systematically
perturbing protein structural dynamics through chem-
ical glycosylation, it has now become possible to
confirm such fundamental concepts as its influence on
modulating enzyme catalysis and protein long-term
stability. The mechanistic realization that these effects
are caused by modulation of the protein�s internal
non-covalent forces due to shielding of the protein
surface from the bulk solvent has now opened the way
to creation of novel chemical entities for the targeted
control of protein function and stability within bio-
chemical and biomedical applications. Yet several
issues concerning glycoprotein biophysics remain
unresolved. For example, the mechanistic basis of
glycan-promoted protein folding remains unknown.
Additionally, while the biophysical effects of glyco-
sylation amount and glycan size are now understood,
the structural diversity presented by glycans is such
that several structural parameters (e.g., glycan charge
state) remain unexplored. Addressing these issues will

require further advances in the chemical, biophysical,
and computational methods currently employed for
the preparation and analysis of glycoprotein struc-
tures.
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